We study the complementarity of weak lensing (WL) and spectroscopic galaxy clustering (GC) surveys, by forecasting dark energy and modified gravity constraints for three upcoming survey combinations: SuMIRe (Subaru Measurement of Images and Redshifts, the combination of the Hyper Suprime-Cam lensing survey and the Prime Focus Spectrograph redshift survey), EUCLID and WFIRST. From the WL surveys, we take into account both the shear and clustering of the source galaxies and from the GC surveys, we use the three-dimensional clustering of spectroscopic galaxies, including redshift space distortions. A CMB prior is included in all cases. Focusing on the large-scale, two-point function information, we find strong synergy between the two probes. The dark energy figure of merit from WL+GC is up to a factor ∼ 2.5 larger than from either probe alone. Considering modified gravity, if the growth factor f (z) is treated as a free function, it is very poorly constrained by WL or GC alone, but can be measured at the few percent level by the combination of the two. On the other hand, for cosmological constraints derived from (angular) power spectra and considering statistical errors only, it hardly matters whether the surveys overlap on the sky or not. For instance, the dark energy figure of merit for overlapping surveys is at most ∼ 20% better than in the disjoint case. This modest gain can be traced to the fundamental fact that only a small fraction of the total number of modes sampled by the GC survey (or by the WL survey) contributes to the cross-correlations between WL and GC.
I. INTRODUCTION
Weak gravitational lensing surveys and spectroscopic galaxy redshift surveys are among the most promising nearfuture probes of dark energy, modified gravity and other cosmological physics. Weak gravitational lensing, the subtle distortion of galaxy images by large-scale structure along the line of sight, directly measures metric perturbations. A measurement of cosmic shear, the large-scale correlations of the shear of galaxy images due to weak gravitational lensing, therefore constrains cosmology through its sensitivity to the power spectrum of these metric perturbations and through the dependence of the signal on the geometry of the universe. Moreover, as a bonus, lensing surveys contain cosmological information in the clustering of the lensing source galaxies. Encouraging results have already been obtained from existing cosmic shear data, see e.g. [1] [2] [3] [4] [5] [6] [7] , even though so far only a modest fraction of the sky (a few hundred square degrees) has been used for these studies.
Spectroscopic galaxy surveys measure the three-dimensional matter distribution up to a galaxy bias factor, which can be modeled on large scales, and are also sensitive to the expansion history of the universe, as this determines the conversion from observed angular positions and redshifts to three-dimensional coordinate positions. Moreover, since a galaxy's redshift is determined not just by its cosmic distance, but also by its peculiar velocity, the observed galaxy power spectrum or correlation function receives a modification depending on the statistics of the large-scale velocity field. These redshift space distortions make it possible to directly measure the growth rate of large-scale structure. As a cosmology probe, spectroscopic galaxy clustering surveys (see e.g. [8-13]) , are already at a more mature level than weak lensing, with strong and robust cosmological constraints so far coming especially from measurements of the baryon acoustic oscillations scale [14] [15] [16] [17] [18] .
For both types of surveys, large steps forward will be made within the next decade, thanks to a number of planned (or already ongoing) surveys that will vastly increase the sky area and redshift range probed. For weak lensing, these surveys include the Kilo Degree Survey (KiDS, [19] ), Dark Energy Survey (DES, [20] ), the Subaru Hyper SuprimeCam lensing survey (HSC, [21] ), LSST [22] , EUCLID [23] and WFIRST [24] , and for galaxy clustering, they include HETDEX [25] , PFS [26] , DESI [27] , EUCLID and WFIRST.
The imminent availability of high-quality galaxy clustering and weak lensing data begs the question how much more can be learned about dark energy and modified gravity when the two probes are combined. In this work, we will consider only the information in the two-point statistics of the observed fields (shear, source galaxy density and spectroscopic galaxy density) and restrict the analysis to large, quasi-linear scales. However, we note that invaluable additional information may be encoded in the data beyond the large-scale two-point function, and that several promising methods for extracting this information have been proposed, e.g. [28] [29] [30] . Considering for simplicity two surveys covering an equal amount of sky (but not necessarily the same part), one can study two distinct scenarios.
On the one hand, if the survey areas are completely disjoint, one expects strong complementarity for two reasons. First of all, somewhat trivially, the combination of surveys covers twice as much sky, and therefore, heuristically, twice as many modes as any survey individually. Secondly, and more importantly, the two probes have distinct sensitivities to cosmological parameters so that combining them helps break degeneracies in cosmological parameter space and allows for constraints that are much stronger than expected solely based on the larger sky coverage (i.e. uncertainties smaller than σ/ √ 2 can be achieved, where σ is the smallest of the two individual probe uncertainties). On the other hand, one can consider the scenario where the two surveys overlap fully. A potential downside of this relative to the previous case is that this does not enlarge the total sky coverage so that the probed volume is smaller than in the case of disjoint surveys, although we will show that this is a small effect. On the positive side, since both surveys now probe the same three-dimensional density modes, there is information available in the cross-correlations between the two surveys. In the case of the the cross-correlations between the shear modes and the spectroscopic galaxy density modes, this signal is equivalent to galaxy-galaxy lensing, when the spectroscopic galaxies are at lower redshift than the lensing source galaxies. By measuring the same density modes using different probes, one is effectively applying a multi-tracer method [31] , and it should in principle be possible to extract certain cosmological information without the limitation of sample variance. While not the focus of this article, there are large additional advantages of overlapping surveys: for instance, the imaging survey can provide target selection for the spectroscopic survey, and the fact that the two surveys are subject to different systematics allows for more robust measurements when they are combined, (e.g., see [29, 30] for such a method). These same-sky benefits are not explicitly included in our analysis of statistical uncertainties only.
While it is clear that in both of the above cases, the combination of weak lensing and galaxy clustering will improve cosmology constraints, two questions merit further study. (1) How strong exactly is this complementarity for upcoming surveys (how large a boost in constraining power can be expected)? and (2) how important is the overlap on the sky between the two surveys (i.e. what is the difference in expected constraints between the two scenarios discussed above)? These questions have been studied to some extent in the literature [32] [33] [34] [35] [36] , but especially the answer to question (2) varies between groups. In this article, we study joint constraints from lensing and spectroscopic galaxy surveys for three combinations of upcoming surveys: Subaru Measurement of Images and Redshifts (SuMIRe), which is the combination of the HSC lensing survey and the PFS spectroscopic galaxy survey (both with the 8.2m Subaru telescope), EUCLID [23] , and WFIRST [24] . The latter two are satellite surveys that will carry out both imaging and spectroscopic redshift programs.
Using the Fisher matrix formalism, we will focus our attention on forecasted constraints on the dark energy equation of state, quantified by a Figure of Merit, and on the growth factor of large-scale structure as a function of redshift, f (z). We will compare joint constraints to constraints from the weak lensing and spectroscopic survey individually, always including a CMB prior from Planck, and marginalizing over cosmological (and galaxy bias) parameters, including the sum of neutrino masses. While all three surveys will have full overlap between the imaging and spectroscopic components, we will also study the hypothetical case of them being disjoint, in order to quantify the importance (or lack thereof) of the cross-correlations (in other words, the same-sky benefits) between the surveys.
The article is organized as follows. In section II, we will explain our forecast method, discussing the parameter space, and paying specific attention to our approach for combining the information from angular power spectra and three-dimensional galaxy power spectra. In section III, we briefly discuss the three survey combinations SuMIRe, EUCLID and WFIRST. We present forecasted constraints for the different survey scenarios in section IV, and will explain these results in more detail in section V. We conclude with discussion and a summary in section VI.
II. METHOD
We use the Fisher matrix formalism (see, e.g., [37] ) to forecast cosmological constraints. Our study takes into account data from two types of surveys. On the one hand, we consider a sample of lensing source galaxies from a weak lensing survey (WL). We assume these galaxies have photometric redshifts (described by an unbiased Gaussian distribution with scatter σ z = σ z,0 (1 + z)), which are used to divide the sample into N tom tomographic redshift bins, defined by (photometric) redshift ranges {z . In each bin, we then use two fields: the lensing shear as a function of position on the sky, γ (although in practice we capture its information in terms of the convergence κ), and the relative overdensity of the number of source galaxies, p (p standing for photometric). The clustering of the source galaxies is biased relative to the underlying dark matter field so we model the galaxy bias as piecewise constant in redshift and introduce a free galaxy bias parameter for each bin, b (p) i , giving the value of the bias in the (true) redshift range z min tom,i − z max tom,i . For simplicity, we assume this bias is constant in redshift Since we consider only (quasi-)linear scales, we take the bias to be scale-independent.
On the other hand, we consider data from a spectroscopic galaxy redshift survey (GC). We divide this sample into N s redshift bins with bounds {z
,and consider the galaxy overdensity field, s, in each bin. Since we assume the redshift in the spectroscopic sample to be measured with perfect accuracy, we have full access to three-dimensional galaxy clustering information in each redshift slice. As detailed below, to properly describe not only the information in the 3D power spectrum of the spectroscopic survey, but also the cross-correlations with the 2D p and γ fields, we split the Fisher matrix into two parts. One part will be the usual Fisher matrix calculated for the 3D power spectrum in redshift space (including redshift space distortions, Alcock-Paczynski effect, etc.), while the other part will come from the angular auto-and cross-spectra with γ and p, using the projected spectroscopic galaxy density as a function of position on the sky in each redshift bin. To avoid double counting s-modes, we will remove the transverse modes already included in the 2D Fisher matrix from the 3D Fisher matrix. Just like for the photometric galaxy density, we introduce an independent, free galaxy bias parameter, b (s) i , for each spectroscopic redshift bin (with label i). To summarize, we consider three types of data: the shear γ and photometric galaxy overdensity p from an imaging/lensing survey, and the galaxy overdensity s from a spectroscopic survey. We will sometimes refer to the imaging survey and its data as WL (while it also contains galaxy clustering information because of the p field, the main goal of these surveys is the weak lensing shear signal) and to the spectroscopic survey as GC. As described in the following, we use cross-and auto-correlations between these fields (and between the various redshift slices) to construct a Fisher matrix and to forecast expected cosmological constraints. In addition, all our results will have a Planck CMB prior included, where we neglect information from CMB lensing because we want all the late-universe clustering information to come from the lensing and galaxy clustering surveys of interest. We also neglect the correlation between CMB temperature anisotropies and large-scale structure due to the Integrated Sachs-Wolfe effect. This is justified because the signal-to-noise in this signal is low.
A. 2D Fisher Matrix
The 2D Fisher matrix encapsulates the information contained in the angular auto-and cross-power spectra of the p, γ and s fields (or subsets thereof) in the different redshift bins. We refer to the literature for the relevant equations describing the 2D Fisher matrix, e.g. [33] . To calculate the angular power spectra, C l , we employ the Limber approximation [38, 39] , which expresses a spectrum as the line-of-sight integral over the product of two kernels and the 3D matter power spectrum P (k) (for the p and s fields, the kernel contains a galaxy bias factor). We use the linear P (k), as obtained from CAMB [40] , for all spectra except the shear auto-spectra (γγ, including cross-spectra between different tomographic bins of course), for which we use the non-linear matter spectrum obtained by applying the HaloFit [41, 42] prescription to the linear power spectrum. Using the non-linear signal for cosmic shear significantly increases the cosmological information (see, e.g., [43] ) and is justified by the fact that shear directly measures the underlying matter field and will therefore be easier to model in the mildly non-linear regime than galaxy clustering, which would involve the additional complication of non-linear galaxy bias. We include γ modes up to ℓ max = 2000. This is a common choice for cosmic shear forecasts, although we note that modeling non-linear clustering and baryonic effects to the required accuracy for this multiple range will be far from trivial. For galaxy clustering, we choose a more conservative cutoff, ℓ max = k max D(z i ), where k max = 0.2h/Mpc and D(z i ) is the comoving angular diameter distance to the central redshift of the i-th bin. For both galaxy clustering and shear, we also apply a cutoff ℓ min = 20, because the largest angular scales may be contaminated by systematics. We will refer to the resulting Fisher matrix as F 2D {} , where the curly brackets will contain the set of observables included, chosen from p, γ and s. All 2-point functions of the included fields will be used, both for the calculation of the signal and that of the covariance matrix. This means that when a set of fields, e.g. γ, p and s are included in a single Fisher matrix, F 2D {γ,p,s} , the fields are assumed to be measured on the same part of the sky and their covariances are included. Fisher matrices for two non-overlapping surveys can be obtained by summing together two separate Fisher matrices (see section II C).
B. 3D Fisher Matrix
For the Fisher matrix of the 3D spectroscopic galaxy power spectrum in redshift space, P ss (k, µ) (µ being the cosine of the angle between the wave vector and the line-of-sight direction), we follow the approach by [44] . The details of how we model P (k, µ) are as in [26] , except that we do not include the shot noise-like parameter P sn . In particular, this means we apply an exponential damping in the Fisher matrix describing the effects of non-linear clustering and redshift space distortions, and that we assume the use of density field reconstruction [45] to ameliorate this damping. We include modes up to k max = 0.2h/Mpc, but find our results to not be particularly sensitive to small variations in k max because the non-linear damping described above acts as a de facto cutoff. Finally, as mentioned above, we exclude N ⊥ transverse (µ ≈ 0) modes from our Fisher matrix, where, for each bin in k and z, N ⊥ is chosen to equal the number of s modes used in the 2D Fisher matrix. Specifically, this means that for a bin centered on k c and z i , we exclude a wedge ∆µ = 2π/(∆D(z i )k c ) around µ = 0, where ∆D(z i ) is the width in comoving distance of the redshift slice centered at z i . The same approach was followed in [33, 34] . We will refer to the resulting Fisher matrix as F 3D * ss (the star indicates that transverse modes are left out).
C. Combining Surveys
The main survey combinations we will consider are the following (the CMB prior is implicit):
As explained above, the WL survey includes the information in the clustering of the source galaxies, the p field, in addition to lensing shear. To clarify the above notation, F 2D {γ,p} includes all cross-and auto-spectra of the types γγ, γp and pp. We will also in some cases consider the case where the information in the clustering of source galaxies is neglected and only γ is used from the WL survey, i.e. replacing F 2D {γ,p} by F 2D {γ} .
• GC only:
Alternatively, this matrix could be calculated by replacing
ss , the 3D galaxy power spectrum without transverse modes removed. We have calculated this matrix as a consistency check, and find reasonable agreement between the two prescriptions, lending support to our method of separating transverse modes and non-transverse ones. Note that, while we refer to this case as GC for galaxy clustering, it refers to the information in the spectroscopic survey only and thus does not include the additional galaxy clustering information that would be available from the lensing source galaxies in an imaging survey.
• GC + WL (no overlap):
We consider a base set of N cosmo = 9 cosmological parameters, {ω b , ω c , Ω Λ , τ, σ 8 , n s , Σm ν , w 0 , w a } (the effect of the time-varying dark energy equation of state is implemented in CAMB using the parametrized post-Friedmann formalism [46] ). Note that this set includes the sum of neutrino masses, which is an unknown that needs to be marginalized over. Its fiducial value is Σm ν = 0.15 eV. On top of these cosmological parameters, depending on which observables are taken into account, we include the N tom photometric galaxy bias, and the N s spectroscopic galaxy bias parameters. Our dark energy constraints are calculated within this parameter space of a maximum of N cosmo + N tom + N s parameters. We will summarize such constraints in terms of the dark energy figure of merit (FOM, [47] 
Note that, unlike in [47] , we do not marginalize over spatial curvature, Ω k , but do include Σm ν . As an aside, we find that generally the forecasted FOM looks significantly stronger when Σm ν is fixed: typically a factor 2 − 3 larger than when it is properly marginalized over. We will also study constraints on the linear growth rate of matter density perturbations,
where D m is the linear growth factor of matter perturbations (δ m ( k, a) ∝ D m (a)). We study these constraints in the modified gravity (MG) scenario where f (z) is allowed to deviate from its value in general relativity (GR), [48] . Given an amplitude σ 8 of the linear power spectrum at z = 0, the amplitude of perturbations at z > 0 (σ 8 (z)) is computed based on our choice of f (z). In other words, we force the amplitude of perturbations to be consistent with our growth factor parametrization. Moreover, for a given σ 8 , the modified growth is taken into account to calculate the correct, corresponding primordial amplitude of perturbations, A s . This way, our treatment of CMB data is also consistent with f (z).
To parametrize f (z) in the modified growth case, we introduce
, describing a piecewise constant deviation from the GR value. We thus have one free parameter for each spectroscopic redshift bin, i.e. f i describes the growth factor in the redshift range z = z max s,i − z max s,i for i = 1, ..., N s , and, in addition, f 0 is the growth factor in the range z = 0 − z min s,1 and f Ns+1 the growth factor for z > z max s,Ns (we assume that the growth history returns to that of GR well before z ≈ 1100 so that the primary CMB anisotropies are not affected). The inclusion of free growth at redshifts beyond the range probed by galaxy clustering will have strong implications for the ability of WL or GC individually to constrain the low redshift growth history because the amplitude of matter fluctuations at the largest redshift probed by the spectroscopic survey is now no longer determined by the CMB measurement (f Ns+1 affects the translation of the amplitude of perturbations at CMB last scattering to that at low redshift). See, e.g., [49] for a discussion of the effects of marginalizing over growth at high redshift. While we do not include this information in the present study, we do note that CMB lensing may help constrain f Ns+1 , at least to some degree. When presenting our MG constraints on the growth factor, we marginalize over Σm ν , w 0 , w a (in modified gravity, the effective dark energy equation of state should be considered a parametrization of the expansion history) and the other parameters, so that a maximum of N cosmo + N tom + N s + N f parameters are included in the Fisher matrix. We note that, if instead we were to fix Σm ν when constraining growth, the constraints would be stronger, but only by < ∼ 30% (on the other hand, marginalizing over growth does strongly degrade the neutrino mass constraint).
III. SURVEYS
We make predictions for the following three combinations of WL and GC surveys.
A. SuMIRe
The Subaru Measurement of Images and Redshifts (SuMIRe) combines the weak lensing/imaging data from the Hyper Suprime-Cam (HSC) survey and the spectroscopic data from the Prime Focus Spectrograph (PFS) cosmology survey. The survey specifications (and fiducial galaxy bias) we use can be found in our previous publication, [43] . We choose the following binning,
The EUCLID satellite mission will provide both weak lensing and spectroscopic galaxy clustering data. Note that the EUCLID spectroscopic survey will be done using slit-less low-resolution spectroscopy, which does not need a pre-imaging survey to find the targets. We again follow the specifications outlined in [43] . The binning choice is, Finally, we consider the WFIRST satellite mission, which will also provide both weak lensing and galaxy clustering information. The WFIRST spectroscopic survey will use slit-less spectroscopy. Our assumed survey specifications mostly follow [24] . Specifically, we assume both the lensing survey and the redshift survey will cover 2000 deg 2 . For the lensing survey, we assume an angular number densityn A = 70 arcmin −2 , and the same redshift distribution as we assumed for HSC ( z = 1). We assume the source galaxies have galaxy bias b (p) (z) = 1 and photometric redshift scatter σ z (z) = 0.04(1 + z) (compared to 0.05(1 + z) for the previous two surveys). For the spectroscopic sample,, we assume a fiducial galaxy bias b (s) (z) = √ 1 + z. We use the spectroscopic galaxy number density specified in Table  2 -2 of [24] . Finally, the binning choices are,
• N tom = 6: z : the combination assuming they do not overlap on the sky, and GC+WL(overlapping): the combination when they do overlap (as they will in reality). All constraints include a Planck CMB prior. Combining the weak lensing and galaxy clustering surveys strongly improves the dark energy constraint. However, overlap between the surveys contributes negligibly. Left panel: WL includes shear only. Right panel: WL also includes the clustering of the lensing source galaxies, based on their photometric redshifts.
IV. RESULTS
A. SuMIRe
Dark Energy
We consider first the dark energy figure of merit for the different survey combinations possible with HSC and PFS (SuMIRe). Figure 1 shows constraints for GC (PFS) only, WL (HSC) only and for GC + WL, with and without overlap (of course the actual surveys will overlap). The left panel shows the case where the clustering of lensing source galaxies is not included on the WL side. In this case, while both surveys individually (an implicit CMB prior is always included) deliver strong dark energy constraints, GC has significantly more constraining power. The two bars on the right (of the left panel) show that substantial improvements can be achieved by combining the two surveys, almost doubling the FOM compared to the case of GC alone. However, very little of this complementarity comes from the cross-correlations between the two sets of observables, and, accordingly, the difference in FOM between the overlapping and non-overlapping scenarios is not noteworthy. We will address the reasons why this is the case in Section V.
The right panel shows the case where all information from the imaging survey is used, i.e. both the shear and the clustering of source galaxies. With this included, WL alone is competitive with GC alone. There is again strong complementarity when the two probes are added, but the overlap still does not matter much.
The above of course does not take into account other benefits of the overlap between the two surveys. For example, in the case of SuMIRe, HSC imaging will provide an ideal multi-color catalog of galaxies to find targets for the followup spectroscopic PFS survey, which is extremely important. Moreover, if the photometric redshifts of the imaging survey cannot be properly calibrated using a deep spectroscopic training/validation sample, the cross-correlations with the GC survey can be used to improve the photo-z calibration and thus make WL a stronger probe of dark energy, see, e.g., [43, [50] [51] [52] [53] [54] .
Growth Factor
We next turn to constraints on the growth history, f (z), in a modified gravity scenario, considering the bounds on the growth parameter in each spectroscopic redshift bin. As discussed previously, we marginalize over the growth Constraints from the spectroscopic galaxy clustering survey alone (PFS) or from the weak lensing survey alone (HSC) are not shown because they are very weak, typically σ(f (z)) ≫ 1 (since we also allow freedom in f (z) at high redshift), but combining them yields uncertainties at the 4 percent level. As shown, whether or not the surveys overlap on the sky barely impacts the forecasted constraints.
factor at redshift both below and above the redshift range where galaxies are observed by PFS. This has important implications. In particular, marginalization over the growth parameter, f Ns+1 , at z > z max s,Ns = 2.4 implies that, even though the CMB measures both cosmological parameters and the amplitude of perturbations in the early universe, the CMB does not determine the amplitude of perturbations at redshifts where we observe large-scale structure (GC or WL). Schematically, GC measures the combinations b (s) i σ 8,i and f i σ 8,i (where i labels the redshift bin). With σ 8,i now unknown despite the CMB prior, both galaxy bias and the growth factor remain unconstrained. Since WL, through its dependence on the amplitude of matter perturbations, σ 8,i , is only sensitive to a degenerate combination of growth factor parameters (i.e. an integral over redshift of f (z)), lensing alone (+CMB) yields rather poor growth factor constraints whether f Ns+1 is left free or not, although constraints are better with this parameter fixed.
When the two probes are combined, the degeneracy discussed above is broken, and very strong ( > ∼ 3%) constraints can be obtained in all bins. Figure 2 shows these constraints both for the case of overlapping and disjoint surveys. The horizontal bars indicate the bin widths. While these constraints are strong, and will provide a strong test of general relativity, it again does not matter whether the surveys overlap or not. Figure 3 shows the forecasted dark energy constraints for EUCLID (cf. Figure 1) . Focusing on the right panel, where the WL part of the survey includes information from the clustering of lensing source galaxies (see the left panel for the case where this information is neglected), we see that WL and GC surveys on their own give comparable constraints, as was the case for SuMIRe. We do wish to note, however, that the comparison between the two is strongly dependent on the treatment of non-linear scales for each probe. As a reminder, for GC, we apply a non-linear cutoff, ensuring that little information is included from the non-linear regime. WL shear, on the other hand, includes modes up to ℓ max = 2000, and uses the information in the (HaloFit) non-linear matter power spectrum. It thus probes rather far into the non-linear regime, unlike GC. In both cases, we have tried to follow the more or less standard choices adopted in the literature, to ease comparison.
B. EUCLID

Dark Energy
Considering the synergy between the weak lensing and galaxy clustering components, the picture is qualitatively the same as for SuMIRe: combining WL with GC strongly improves dark energy constraints compared to the individual surveys, but little is gained from overlap in sky coverage. Only the combination of the two probes allows for strong growth factor constraints (forecasts for individual probes not shown). The constraints are effectively independent of whether or not the surveys overlap on the sky.
Growth Factor
The growth factor constraints are shown in Figure 4 (cf. Figure 2 ). While constraints from any probe individually are again poor (σ(f (z)) ≫ 1), combining them, the growth factor can be measured to 1% − 2% in each spectroscopic galaxy bin. Whether or not the surveys overlap again has little relevance.
C. WFIRST
Finally, we show both the dark energy and growth factor results for WFIRST in Figure 5 . In all cases, the lensing survey is assumed to use both the shear information and the clustering of source galaxies. Comparing the dark energy results (left panel) to SuMIRe (which has similar sky coverage), we find that the WFIRST spectroscopic survey looks comparable to PFS (SuMIRe). Comparing the results from the imaging survey component of WFIRST and SuMIRe, on the other hand, we find that the WFIRST lensing survey is significantly stronger than HSC. This is mainly explained by the large number density of the WFIRST source galaxies,n A = 70 arcmin −2 vs.n A = 20 arcmin
for HSC. In addition, we have assumed slightly better photometric redshifts for WFIRST (σ z (z) = 0.04(1 + z) vs. σ z (z) = 0.05(1 + z) for SuMIRe and EUCLID). The joint dark energy constraints from WFIRST are much stronger than for SuMIRe, mainly because of the much more powerful imaging survey. Considering next the growth factor constraints (right panel, Figure 5 ), the WL and GC individually are again unable to place meaningful constraints (and are therefore not shown in the figure), but for the combination of the two, we find relative uncertainties in the range 3% − 25% (from low to high redshift). The joint constraints are thus comparable to those from SuMIRe at the low redshift end, but significantly weaker towards the highest redshifts. To explain this, we first note that the f (z) bounds are mainly driven by the spectroscopic survey, while the main role of the lensing survey is to help break degeneracies between σ 8 (z), b (s) (z) and f (z). While both spectroscopic surveys cover a deep, and equally broad redshift range (z = 0.6 − 2.4 for PFS and z = 1.075 − 2.85 for WFIRST), the number density of galaxies in WFIRST drops ton < ∼ 1 × 10 −4 (h −1 Mpc) −3 at z > 2, while the PFS galaxy density is n > 3 × 10 −4 (h −1 Mpc) −3 at all redshifts. This mostly explains the degradation of constraints at the high redshift end of WFIRST. However, at all redshift, the difference in redshift bin width between the two surveys also has the effect of making WFIRST appear weaker. For SuMIRe, we used bins with width ∆z = 0.2, while here we use ∆z = 0.1, thus halving the volume available per bin and weakening the constraints within bins (but giving a larger number of independent f (z) measurements). If we had used equal bin widths, the WFIRST f (z) constraints would thus be stronger than those from SuMIRe at low redshift. At the high redshift end, the number density is the dominant effect however.
In conclusion, considering both the dark energy and growth factor constraints, we again find strong complementarity between weak lensing (plus source clustering) and spectroscopic galaxy clustering. However, as for the other surveys, the role of the overlap between surveys is very limited.
D. Uncertainty in Photometric Redshift Distribution
We have seen in the previous subsections that, based on joint cosmological constraints only, overlap between surveys does not bring large advantages compared to surveys covering disjoint regions of the sky. One scenario in which crosscorrelations between the two types of surveys can be very advantageous is when the photometric redshift distribution of the weak lensing survey has not been calibrated perfectly a priori [50] [51] [52] [53] [54] , for example because the training sample of spectroscopic galaxies is insufficiently large or complete. It has been shown in [43] that in this case the crosscorrelations between the number densities of lensing source galaxies and spectroscopic galaxies (i.e. the ps spectra) can help calibrate the photo-z distribution and thus strongly improve the cosmology constraints from weak lensing alone (in this case, the cosmological information in the spectroscopic galaxy clustering was not used). Therefore, if Cross-correlations between spectroscopic and photometric galaxies help calibrate the photo-z distribution and thus slightly improve the benefits of overlapping surveys relative to disjoint surveys. Left: SuMIRe. Right: EUCLID.
we repeat the analysis of the previous sections, but this time allowing for uncertainty in the photo-z distribution, we might expect larger benefits from having the two surveys overlap.
To model the photometric redshift distribution, we follow the approach of [43] and treat the distribution p(z ph |z) as a Gaussian. We thus ignore the possibility of outliers in the distribution. For the bias and scatter, we assume, as before, a fiducial b z (z) = 0 and σ z (z) = 0.05(1 + z). To model uncertainty in these quantities, we describe both functions by a spline with 11 nodes evenly spaced in redshift in the range z = 0 − 3. We assume the distribution is calibrated (e.g. using a deep, matching spectroscopic sample) at the level σ(b z,i ) = σ(σ z,i ) = 0.05, where b z,i and σ z,i are the values at the spline nodes. We then allow the data to self-calibrate the photo-z parameters. As stated above, specifically the sp spectra are very useful for this. Unlike in [43] , we still use the full cosmology information present in the spectroscopic galaxy sample. The analysis is thus the same as in previous sections, except with the 22 photo-z parameters added.
We show results for the dark energy figure of merit in Figure 6 . As expected, allowing for photo-z distribution uncertainty leaves the spectroscopic galaxy clustering constraints unchanged, significantly weakens the FOM from weak lensing only, and weakens the joint constraints to a lesser extent. The FOM is lowered less when surveys overlap than when they do not, because overlapping surveys allow self-calibration using sp cross-correlations. However, the difference is still not spectacular: overlapping surveys give a ∼ 13% larger FOM for SuMIRe and a ∼ 16% larger FOM for EUCLID. Finally, we note that we did not apply a prior to the bias of the lensing source galaxies here, and that this could improve the photo-z calibration somewhat and therefore the gains obtained from overlapping surveys.
V. WHY DOES OVERLAP NOT MATTER?
We have shown so far for all surveys we considered that there is strong complementarity between weak lensing (including clustering of source galaxies) and spectroscopic galaxy clustering in the sense that combining the two leads to large improvements in cosmological constraints. However, the role of overlap between surveys has proven to be limited. This is somewhat surprising given some of the literature on this topic [33] [34] [35] . To understand the lack of importance of overlap better, let us consider in more detail the difference between the overlapping and disjoint survey scenarios. In overlapping surveys, on the one hand, one can exploit the additional information present in the crossspectra (i.e. γs and ps). On the other hand, one measures a smaller number of independent modes when the surveys overlap (disjoint surveys offer twice the sky coverage). This loss of information is also quantified by the cross-spectra. For instance, the covariance between the spectra C ss ℓ and C The correlation coefficient ρ of a shear mode in a given tomographic bins with the set of spectroscopic modes in all redshift bins, as a function of ℓ. Left: SuMIRe. The correlation of the lensing modes with the spectroscopic galaxies is far from 100% because the overlap between the spectroscopic galaxy redshift distribution and the lensing kernels is limited (the spectroscopic sample lacks coverage at z < 0.6). Note that the z ph = 0 − 0.6 lensing source bin does have some galaxies at z > 0.6 due to the photo-z scatter, explaining why the black curve is not exactly equal to zero. Right: When galaxies at z = 0 − 0.6 are added to the spectroscopic survey the correlation becomes close to maximal, except at high multipoles. At a given multipole ℓ, the correlation coefficient for tomographic bins i is defined as ρ ≡ 1 − (Fγ i γ i Cγ i γ i ) −1 , where C is the covariance matrix of the modes γi and {sj } Ns j=1 and F is its inverse (we suppress the ℓ-dependence of the previous expressions here). In other words, ρ is the generalization of r = C is thus that the cross-spectra between probes contribute very little compared to the auto-spectra.
The main reason for this is that the effective number of 3D density modes probed by the cross-correlations is very small compared to the number of modes probed by either the lensing auto-spectra or the galaxy clustering auto-spectra (see Fig. 5 of [36] ). Heuristically, (spectroscopic) galaxy clustering probes a three-dimensional sphere in k-space with radius given by k max = 0.2h/Mpc, while shear probes mainly transverse modes in k-space, but with a much larger non-linear cutoff, so that the numbers of modes in the two probes are within the same order of magnitude. The cross-spectra, however, probe only the overlapping region between the two volumes in k-space, i.e. only transverse modes with a low cutoff k max = 0.2h/Mpc. This volume thus contains a much smaller number of modes. We make this argument more quantitative below.
Consider SuMIRe for example. Ignoring for now the lost information due to shot noise, with our default choices of k max = 0.2h/Mpc and (three tomographic bins with) ℓ max = 2000, the total number of spectroscopic galaxy and shear modes explicitly included are N 6 respectively (this is a rough estimate and the true number of available shear modes is determined by the redshift width of the shear kernels rather than the number of tomographic bins). The number of overlapping modes is less straightforward to quantify. We cross-correlate . On top of this, it needs to be taken into account that the correlation between the shear modes and the spectroscopic modes is not optimal. Figure 7 (left panel) shows the effective correlation coefficient ρ of each shear mode, as a function of multipole, with the full set of transverse spectroscopic galaxy density modes. We do not include shot noise or any non-linear cutoff in this plot. For a given shear mode, if the set of s-modes probed all the 3D density modes contributing to that shear mode, the correlation would be optimal, ρ = 1. Instead, we see that ρ is significantly smaller than unity. The main reason for this is the lack of overlap in redshift between the shear kernel and the spectroscopic galaxy distribution. The mean source redshift is z ∼ 1 so that the typical shear kernel peaks halfway between z = 0 and z = 1. However, SuMIRe only includes galaxies at z > 0.6, thus missing a large fraction of the lensing kernel. The right panel of figure 7 shows how the correlation coefficient increases when spectroscopic galaxies are added at z = 0 − 0.6. This is in fact a very realistic scenario to consider, as spectroscopic galaxy clustering information from SDSS and BOSS can be included at z < 0.6. Now the correlation is much stronger although still not identically equal to one. However, while imposing full redshift overlap (by adding galaxies at z = 0 − 0.6) strengthens the cross-correlation signal, we have checked that even after the z = 0 − 0.6 galaxies have been added, the effect of survey overlap on dark energy and modified gravity constraints is negligible, thus confirming that the dominant reason for the lack of complementarity is the number of modes probed by the cross-correlations.
The counting of modes presented above does not include the effect of shot noise, which strongly reduces the effective number of modes accessible at small angular scales. As an alternative proxy for the effective number of modes we therefore consider
where F σ8,σ8 is the diagonal Fisher matrix element corresponding to the amplitude σ 8 . Thus, S/N is simply the signal to noise of detecting the amplitude of the signal, including all modes up to the cutoff. In the case of a single angular power spectrum (i.e. a single redshift bin), this becomes
(the expression for a 3D power spectrum is very similar). If C l is an auto-power spectrum (as opposed to a crossspectrum), in the absence of shot-noise, we have σ
which is exactly the total number of modes. The presence of shot noise increases the variance
2 / [f sky (2ℓ + 1)] and thus reduces N eff . In the case of cross-correlations, N eff also takes into account the reduced information due to the two fields not being optimally correlated. In the case of no shot noise, we for example have for the effective number of modes probed by γs,
A correlation coefficient r < 1 causes a reduction in the effective number of modes. Using the above definition of N eff , we find N eff = 8.3 × 10 5 for the spectroscopic survey alone, N eff = 4.4 × 10 5 for the imaging survey (combining the γ and p modes), while the cross-correlations (i.e. γs and ps) gives N eff = 4.4 × 10 4 , which is a factor ten smaller than the number of modes probed by lensing and a factor twenty below the number probed by galaxy clustering.
In conclusion, given the limited effective number of modes available in the cross-spectra, it is not surprising that the overlap between surveys does not significantly affect the forecasted cosmology constraints. We find qualitatively similar mode counting results for the other surveys.
VI. CONCLUSIONS AND DISCUSSION
A. Summary of Results
We have studied dark energy and modified gravity constraints that can be obtained from the combination of weak lensing and spectroscopic galaxy redshift data that will be available from the SuMIRe, EUCLID and WFIRST surveys. For the weak lensing components of these surveys, we considered galaxy shear in tomographic bins, and the overdensity of lensing source galaxies. We assumed the lensing source galaxies have tomographic redshifts. For the spectroscopic galaxy clustering components of the surveys, we considered the three-dimensional, redshift-space overdensity field of the galaxies. Using the Fisher matrix formalism, we have quantified the information encoded in all available two-point functions of these observables, on large (linear and quasi-linear) scales. We always included a prior from Planck CMB data and marginalized over cosmological (and galaxy bias) parameters, including neutrino mass.
In all cases, we have found strong complementarity between the two probes. The dark energy figure of merit is up to a factor of ∼ 2.5 larger when the probes are combined than for the strongest of the individual probes, and all three surveys promise strong constraints on the dark energy equation of state. Even more dramatically, treating the growth parameter, f (z), as a free function (i.e. allowing for deviations from general relativity), we find that the combination of a weak lensing with a galaxy clustering survey can constrain f (z) at the few percent level, while each survey individually has negligible constraining power.
While all three combinations of surveys studied here have full sky overlap of the weak lensing and spectroscopic components, we have also studied how the forecasted constraints depend on survey overlap. We have done this by comparing forecasts for the fully overlapping case to the case where the surveys are described by the exact same specifications, except that the imaging and spectroscopic components now cover disjoint regions of the sky. We have found for all three survey combinations that the difference in constraining power between these two scenarios is small (typically < 10% differences in uncertainties and figures of merit). Following [36] (see their Appendix B for a clear, qualitative explanation), we attribute this to the small number of three-dimensional density modes probed by the cross-correlations between the survey observables, as compared to the number of modes probed by the autocorrelations within each survey. We have shown, that the number of modes probed by the cross-correlations depends on the method used to do the calculation, but is no more than 10% of the smallest number of modes probed by each survey individually. Moreover, we found that for the surveys under consideration in this work, the limited redshift overlap between the spectroscopic redshift distribution and lensing kernels weakens the cross-correlations between these observables. However, while enhancing the redshift coverage of the spectroscopic survey by adding galaxies at low redshift improves the level of correlation between the surveys, we have checked that the same-sky benefit is small even in that case.
Finally, we have included the possibility of uncertainty in the parameters describing the photo-z distributions, following the methodology described in [43] . In this case, it is known that cross-correlations of the lensing source galaxies with a spectroscopic sample can help calibrate the photo-z distribution. Thus, one might expect larger samesky benefits in this case. We found, however, that this is not a large effect. The boost in dark energy figure of merit due to covering the same sky area is at most ∼ 20%, when photo-z scatter and bias are treated as free parameters.
B. Comparison with Literature
It is worth commenting on the current status in the literature of the question of same-sky benefits, i.e. the question of how much better (if at all) dark energy and/or modified gravity constraints from overlapping survey are compared to those from disjoint surveys. There are a number of groups that have recently addressed this issue, or are in the process of doing so, but results vary strongly. To crudely summarize, [33] find only modest same-sky benefits for realistic survey galaxy number densities and [36] also finds results consistent with ours. On the other hand, [34] found enormous increases in figure of merit (up to a factor of 100, although not the same figure of merit as considered here), and, more recently, [35] also found large same-sky improvement factors (a factor ∼ 4 for dark energy in their abstract). In addition, several groups [55, 56] are working on new results, and thus add to the variety of answers.
While a comparison between the various groups is not easy because of different choices of survey properties, it is unlikely that survey specifications can explain why some groups find large ( > ∼ 4) improvement factors, while others find only modest ∼ 1 − 1.5 improvement factors, if any. An interesting work to compare with is the one by [35] , first of all, because it is public (available on the arXiv) and, secondly, because it presents such different results compared to ours. The major difference between [35] on the one hand and the present article (and also [33, 34, 36] ) on the other hand, is the forecast method. While we consider the three-dimensional power spectrum of spectroscopic galaxies, [35] treat the spectroscopic galaxy density purely in terms of angular power and cross-spectra. While a large number of spectroscopic redshift bins is used, N s = 40, this still implies a bin width ∆z = 0.0425, corresponding to a comoving distance ∼ 130 − 50h −1 Mpc (at z = 0 − 1.7), over which line-of-sight clustering information is lost. On the upside, this approach allows the use of a single, consistent method to describe all data and their covariances, and no Limber approximation is used to compute the angular spectra.
We have tried to reproduce the same-sky benefits of [35] by emulating their survey assumptions as much as possible given the information provided in the article. Moreover, to mimic their treatment of the galaxy clustering information, we have performed calculations either using angular spectra in 40 bins (however, still using the Limber approximation) or by using a three-dimensional power spectrum, but with a line-of-sight degradation factor smoothing out information on scales smaller than that of the bin width. While neither of these methods matches exactly the approach of [35] (because we are not set up to do a forecast based on exact angular power spectra, i.e. without assuming the Limber approximation), one would expect to be able to at least approximately reproduce their results. Unfortunately, even with these changes, we cannot reach improvement factors for the dark energy figure of merit better than ∼ 1.4, while [35] find factors of 3 − 5 for their case of scale-independent galaxy bias (although we are not sure whether this result includes the CMB prior or not).
We have also checked that the lack of same-sky benefits in our forecasts is not driven by our perhaps optimistic assumptions about modeling of galaxy clustering in the non-linear regime, k max = 0.2h/Mpc (although, we remind the reader that we always exponentially suppress information at scales < ∼ 10h −1 Mpc to take into account bulk flows [44] ). To this end, we have repeated our analysis for SuMIRe with k max = 0.1h/Mpc. While the resulting dark energy and growth constraints are significantly weaker than for k max = 0.2h/Mpc, the results remain the same qualitatively: combining the two surveys strongly improves constraints, but it hardly matters whether the surveys overlap or not. While we are very confident in our results, it is important to resolve/explain the differences between groups and for the community to converge on a single answer to and understanding of the question of same-sky benefits, as this is an important consideration when designing future surveys. There has been some effort to resolve the differences as part of a MS-DESI working group, but clearly more work needs to be done to reach a resolution.
C. Other Sources of Synergy
Although throughout this paper we have focused on the large-scale galaxy clustering information up to k max = 0.2 h/Mpc to avoid uncertainties inherent in non-linear processes such as galaxy formation, several groups [29, 30, [57] [58] [59] have proposed promising methods for using the small-scale clustering signal, where the signal-to-noise ratio is much higher, in order to infer the connection of galaxies to dark matter halos. In particular, [30, 57] showed that the cross-correlations of spectroscopic galaxies with shapes of background galaxies, or with the positions of photometric galaxies at similar redshifts to the spectroscopic galaxies, are useful to constrain the galaxy-halo connection and then improve the cosmological interpretation of the large-scale clustering signal. The small-scale clustering information might thus offer a further promising synergy of imaging and spectroscopic galaxies, beyond what we discussed in this paper, if our understanding of galaxy formation at small scales is improved, or a robust, empirical method to calibrate these uncertainties is developed. These methods can only be applied if the imaging and spectroscopic surveys overlap on the sky.
Other types of synergy between overlapping surveys not studied in this work are the fact that the imaging survey can be used to create a target catalog for the spectroscopic survey, and the fact that the combination of the two data sets will be robust against systematics that affect only weak lensing, or only galaxy clustering.
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